EBSD mapping and indexing has rapidly come into widespread use. However, inadequate attention has been paid to the details of the method. Many of the algorithms in current use were chosen because they were the first ones that were found to work, rather than because they were optimum. Results of systematic study are presented. It is shown that more than one method can successfully correct a sampling artifact; that there is an optimum binning ratio; that Gaussian filtering provides an alternative to "butterfly convolution", that better alternatives for mapping image quality than those in current use are available; that saving all the original patterns is practical and advantageous.
Introduction:
EBSD (Electron back scatter diffraction) has experienced rapid development in recent years.
The breakthrough in EBSD came mainly from the quick and accurate automatic indexing of EBSD patterns, for which the use of the Hough transform to find the Kikuchi bands is most important. Typically, the band detection process in EBSD can be represented in a simplified way by the flow chart in figure 1 (Kreiger Lassen et al., 1992) . However, the Hough transform can bring errors (Tao & Eades, 2001 ) and the incautious use of binning can also lead to messy results.
The Hough transform:
The Hough transform is used to detect simple objects, such as circles, eclipses and lines in digital images. It is simple, easy to implement and robust to noise and imperfect data (Sonka et al., 1998) . Figure 2 is an EBSD pattern from 304-austenite stainless steel. Figure 3a is the Hough transform (performed in the normal way) of figure 2 using no convolution mask. Figure 3b is an enlarged view of the area of the rectangular box in figure 3a. The intensity discontinuities, which are obvious in figure 3b are artifacts produced by the standard Hough transform. This type of artifact is most obvious when θ is equal to 45° or 135°. Unfortunately, performing a convolution with a butterfly mask (figure 1) does not guarantee the elimination of such discontinuities all the time. The peak detection process could easily be cheated into believing that there is a peak which corresponds to a false band in the EBSD pattern. We should make it clear that because of the over-determination generally used, the artifacts do not introduce errors in the indexing by commercial software. We have found the reasons for these artifacts and provide remedies to avoid them.
Binning:
To save computing time, EBSD patterns are usually binned before performing the Hough transform (figure 1). Binning ratios can have a complex effect on the practical indexing results.
On the one hand, binning can suppress noise to some extent. On the other hand, it also coarsens the sampling interval. These two factors have contradictory effects. As a result, there exists a best binning ratio for automatic indexing. In addition, as the binning ratio is changed, the same butterfly mask is typically used. However, the effect of the butterfly mask may depend on the binning ratio. Both the binning ratio and the size of the butterfly mask can be changed in the unmodified TSL software (and in the software of other manufacturers).
Background Smoothing:
In order to analyze EBSD patterns it is important to perform some form of background smoothing. There are several ways to accomplish this. One method is the use of Gaussian filtering to achieve something akin to the technique known in photography as "unsharp masking". A Gaussian filter of large radius is used to make a heavily blurred image. By subtracting this blurred image from the original image, the background variation can be eliminated to a large extent. This method has an advantage over experimental methods of removing background variation (for example, by acquiring a "background" pattern from a manygrain area) in that it will smooth the background even when the background varies from pattern to pattern -as is the case for samples that charge and samples with a rough surface. Some commercial EBSD software uses a fixed radius Gaussian filter (r =20) to blur the raw EBSD pattern and then divides the blurred pattern into the raw pattern. It is called "soft" flat fielding (Thermal Noran, 1999) . In this research, we were able to use a Gaussian filter of variable radius as described below. Hardware background smoothing was also available.
Experiments:
We have performed a series of experiments to investigate these phenomena and to test the ideas we present with regard to the analysis of the patterns. The samples for the experiments were mostly 304 stainless steel. The sample preparation is convenient and the patterns suitable for testing the ideas. The experiments were done on an FEI XL30 with a W filament and using the TSL OIM Data Collection system (CCD camera with on-chip integration). The SEM accelerating voltage was 25 kV. Each EBSD pattern has 232×232 pixels. The step size in the scans was 45nm in the X direction and 90nm in the Y direction. The beam size was about 40nm and the beam dwell time was about 1.2 second for each point. Careful attention was paid to minimizing the hydrocarbon contamination.
The TSL OIM Data Collection software was modified. In its standard form, at each pixel the pattern is indexed and only the orientation data is stored. With our modification the complete EBSD pattern was stored for each pixel. In this way, the same complete data set for a scan could be analyzed (off-line, after the scan) by several different procedures, for comparison of the methods. For example, we implemented a method of background leveling based on Gaussian filtering (with an adjustable radius for the Gaussian blur) and used it on sets of EBSD patterns to test its effect on automatic mapping.
Results and Discussion:
The principle of the Hough transform is that the intensity at a point in the Hough space represents the intensity along a line in the original image. The coordinates in Hough space are usually taken as θ and ρ. Thus a point θ,ρ in the Hough transform represents a line at an angle θ and at a distance ρ from the center of the original pattern. There are many lines that go through each pixel in the original image, so the intensity in each pixel in the image contributes to the intensity at many points in the Hough transform.
The standard way to perform the Hough transform is to calculate its value on a uniform grid.
That is to say it is evaluated for equal steps in angle and equal steps in ρ. The choice of equal steps in ρ corresponds to evaluating the intensity along lines that have the same spacing (generally the spacing of the pixels in the pattern) independent of the angle of the line. Pixels in the image are assigned to the lines by rounding ρ to an integer. Since the spacing of the pixels perpendicular to a particular line is not (in general) commensurate with the integer spacing of the lines, different lines (of the same parallel set) sample different numbers of pixels in the pattern.
The effect is particularly dramatic at 45 0 (and 135 0 ) since, as shown in figures 4 and 5, some of the lines sample two rows of pixels whereas others sample only one. This is the origin of the artifacts shown in figure 3b . The principle of the Hough transform and a pseudo code implementation of it are given in the appendix 1.
There are several things that might be done to avoid these artifacts. The first is rather simple. If instead of adding the intensities of the pixels along the line to get the intensity at the point in Hough space the intensities are averaged, the artifact that arises from the difference between the spacing of the pixels and the spacing of the lines will be eliminated. Averaging is desirable anyway since it also eliminates the effect that Hough intensities fall near the top and bottom of the Hough plot (where ρ is close to its maximum or minimum value) because the chord is shorter there. However it is not ideal since the pattern pixels do not contribute in the right way to the Hough and because the noise will vary from pixel to pixel in Hough space.
We are aware of three other approaches to improving the way the Hough data is calculated.
1 "Nearest to the line". The principle of this method can be illustrated with reference to figures 4 and 5a, for the 45 0 case. Some of the lines have twice as many pixels contributing to them as other lines. One way to correct the problem is simply to count the pixels that lie closest to the line and discard the pixels that are further away. This will remove the artifacts but does so at the expense of discarding data. This method has been implemented and shown to work ( pseudo code is given in appendix 1).
2 "Weighting the points". The pixels given as triangles in figure 5b lie between two of the 45 0 lines. In this method the intensities of these pixels will be added -with a suitable weighting factor -to both lines. The weighting will be larger the closer the pixel is to the line. Pixels that lie exactly on a line contribute to that line only. This method has the advantage that it uses all the data but still gives values in the Hough plot that correctly represent the intensities in the lines in the pattern. This method has also been implemented and shown to work (pseudo code is given in appendix 1).
3 "Slope-Intercept Hough". The most common form of the Hough, as described here, is to parameterize the Hough plot as a function of θ and ρ. However, instead the Hough can be plotted as a function of the slope and intercept of the lines. The equation for a line is given as y = kx+b, instead of ρ = xcosθ +ysinθ (Krämer & Mayer, 1999) . This form of the Hough turns out to avoid the artifacts because it is the intercept that steps uniformly not the spacing between the lines. We have not tested this method.
Our experiments showed that both method 1 and method 2 could eliminate the artifacts successfully. There are advantages to each of them. The "nearest" method is simple and is readily compatible with the current commercial software. It is quite suitable for normal orientation mapping. The weighting method should give, we feel, better results in the sense of giving the most exact position of the Kikuchi bands. Since part of our work involves detecting very small shifts in the bands, this is the method we will adopt. We expect it to give the most accurate location of the peak in the Hough transform (Tao & Eades, 2001 ).
Using the slope-intercept form of Hough transform is also a good choice. However, this implementation is not as elegant as the polar form of the Hough transform.
Binning:
Figure 6, figure 7 and figure 8 are inverse pole figures generated using the same set of EBSD patterns but with different binning ratios. The indexing was performed fully automatically changing only the ratio by which the EBSD patterns were binned prior to the Hough transform operation. All the other parameters used for the automatic indexing are the same: medium butterfly mask (9×9); peak symmetry setting; and number of bands used. It can be seen that the unbinned pattern has many suspect orientation results, as does the pattern binned 3:1, while the pattern binned at the 2:1 ratio has very few. By performing manual checks on the automatic indexing, we find that figure 7 has the most reliable results. Thus, in this experiment, a 2:1 binning ratio gives a better performance than either no binning or than a higher binning ratio.
This is a most dramatic result and suggests that much more attention should be paid to the choice of binning ratio than has been usual.
IQ mapping:
There is value to assessing the quality of EBSD patterns. A better pattern gives a more (shown in the figures), which could relate to small topography changes or strain levels in the sample are also missed in the IQ maps. These small details, whether caused by the topography or by the strain in the sample, have caused a change of the intensity distribution of the EBSD patterns. These small changes are detected using the intensity information directly, in the maps formed by the mean and the standard deviation, but are missed by the IQ map, which used the intensity information indirectly. In our early research, we also showed that for an area containing many grains, the standard deviation map and the entropy map are similar in appearance to the corresponding IQ map, while the map of the mean is more sensitive to the topography of the surface (Tao & Eades, 2002) .
In addition, an IQ map relies on the detection of Kikuchi bands, and thus is influenced by the detection of false peaks. As a result an IQ map correlates strongly with a map of CI (the measure of the confidence associated with the indexing). Mapping parameters, like the binning ratio and the size of the convolution mask, and sampling errors discussed above can also have some effects on it. However, maps of the mean and the standard deviation of the EBSD patterns doesn't change with the indexing parameters and have a weak correlation with confidence index.
All of these facts suggest that using the intensity information of the EBSD pattern directly, by forming maps of the mean or the standard deviation, has some advantages over using the intensity information indirectly in IQ maps.
Just like IQ mapping, the mapping of the mean and standard deviation suffers from the fact that the quality of the patterns deteriorated with time in some experiments, when the step size is less than or near to the size of the beam. This is caused by the hydrocarbon contamination. We choose to normalize the generated maps, if the pattern deterioration phenomenon is not very severe. The normalization process is quite crude; we simply assume the sum of all the pixels in one row in one map should be constant. Even though this assumption is not quite true, it works well to provide effective normalization.
Gaussian Filtering:
Implementing a Gaussian filter with any radius can be done either using a Fourier transform method or through recursive filtering (Young & Vliet, 1995) . We wrote a program that can implement both of them. For both of these two methods, the calculation time is independent of the mask size. We used the FFTW library(www.fftw.org) to implement the Fourier transform.
This library is free, fast and easy to use. Most important, the size of the dataset doesn't need to be padded to a power of two. There is no big difference between the results with the two methods, however using the recursive filtering method is significantly faster than using the Fourier transform method. For a pattern of 480×480 pixels, our tests show the processing time is typically less than 1/10 second.
In order to test the effect of the Gaussian filter on indexing accuracy, we compared the indexing of filtered and unfiltered patterns. The same data set of stored EBSD patterns, that were used for the study of artifacts, was used again here. The patterns were indexed off-line with no butterfly mask filtering of the Hough transform (using our revised OIM Data Collection program and displaying the results with the OIM Data Analysis program). In one case ( figure   15 ), the EBSD patterns were first given a Gaussian filter with a radius of 12 pixels. In the other case (figure 16), the patterns were indexed with no background smoothing (although the hardware background equalization was used in the acquisition of the patterns).
These tests showed that there is not a big difference between preprocessing the batch patterns with or without the Gaussian filtering if using an appropriate butterfly mask (compare figure 6 and figure 7 with figure 15 ). However, if we choose not to use any convolution mask, prefiltering EBSD patterns with a Gaussian filter, figure 15, gives much better results than using no filter, figure 16 . The difference is significant. Using a large radius Gaussian filtering mask to pre-process the EBSD patterns suppresses the uneven background in the Hough transform.
Using the butterfly mask reduces noise in the Hough transform. The two operations are not equivalent but both have the effect of improving the quality of the Hough transform and thus of improving the reliability of the indexing. For these tests, we used the standard Hough transform, rather than the modified version.
The use of a butterfly mask is misleading in one respect, since the mask has a fixed size, it tends to force all the peaks in Hough space to be of the same size and shape, whereas (since the Kikuchi bands have different widths) the peaks should be of different sizes.
Readers who want to try Gaussian blurring for themselves can do so without writing code. In
Photoshop® there are two ways to perform this operation. The high-pass filter is basically the same as the Gaussian filter, the operation is performed in a single step. The Gaussian blurring operation in Photoshop® allows the operation to be performed as two separate steps.
Data Storage:
"Saving all of the Data" seems a cure for everybody and everything. In making a successful map from an EBSD scan there are many parameters to set. The great advantage of storing all the EBSD patterns is that the parameters can be optimized off-line. The data is not ruined by making a poor choice of parameters before the experiment starts.
Moreover the size of the storage problem is not as bad as it might seem. A typical EBSD pattern, in a fast scan, is usually binned to 120*120 or 240*240 pixels. For most image formats, an 8 bit gray scale (pixel depth) is standard and it works well for most applications. Thus, the size of one uncompressed pattern ranges from 10k-50k bytes. A typical map involves around 10k patterns. As a result, all of the raw data used (or discarded, more precisely) is only between 100Mb and 600Mb. This size can be further decreased if we choose to use video form or to compress the raw patterns. On the other hand, a hard disk of 300G byte is not something new nowadays.
The advantage of saving all the diffraction patterns is manifest in many other areas, such as testing the integrity of the data, correcting wrongly-labeled phases and correcting the calibration.
New software to take advantage of these possibilities should be developed.
Summary
1. The standard form of the Hough transform algorithm can introduce artifacts. These artifacts are most obvious when θ is equal to 45° and 135°. We described methods to remove the artifacts.
2. An optimum binning ratio exists for EBSD binning as a result of two opposing tendencies, the suppression of the noise and the increase of the sampling interval. The size of the butterfly mask, which is hard coded in the software, could also have some effect.
3. Using the intensity information of the EBSD patterns directly, by forming maps of the mean and the standard deviation of the patterns, has some advantages over using the intensity information indirectly, by IQ (Image Quality) mapping.
4. The application of a Gaussian filter of large radius to the EBSD patterns can suppress the uneven background in Hough space. This gives much better results than when using unfiltered EBSD patterns when a convolution mask is not used on the Hough transform.
However, it doesn't provide an obvious advantage if an appropriate convolution mask is used.
5 We recommend working in a mode in which the original EBSD patterns are all stored. In all of these three figures, details can be seen within the small grains, which have many twins. In all of these three figures, details can be seen within the small grains, which have many twins. 
